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Abstract
Silver nanoparticles (AgNPs) are increasing in presence in commercial and medical
products due to their bactericidal properties and can be transported into the environment
during the laundering, use, and waste of those products. Strong evidence suggests aqueous
silver (Ag+) dissolved from the AgNP surface is the toxic component of AgNPs but there is
no consensus on the possibility of additional nanoparticle-specific properties that elicit
toxicity. Ag+ toxicity to freshwater organisms has been well studied using the Biotic Ligand
Model (BLM), which describes how water quality conditions, such as the concentrations of
certain freshwater ions, affect the toxicity of Ag+. Some freshwater ions also cause AgNPs to
aggregate, which can reduce the surface area from which Ag+ can dissolve. The sensitivity
of AgNPs to water quality conditions has made studying their toxicity challenging in part
because the range of acceptable water quality conditions in standardized toxicity testing
methods produces different AgNP toxicity results.
This study assessed the impacts of the freshwater ions Ca2+, Na+, Cl-, and SO42- on
AgNP toxicity and chemical behavior in ASTM acute Daphnia magna toxicity testing
conditions. Toxicity and analytical tests were performed in experimental waters created by
adding fixed concentrations of NaCl, CaCl2, and Na2SO4 to ASTM moderately hard water
(MHW) in a factorial design. AgNP sedimentation was measured using UV-Vis, and particle
size distribution and particle concentration were measured using the single particle ICP-MS
technique. LC50s for experimental waters ranged from 53.48 – 383.52 μg/L. NaCl and CaCl2
reduced toxicity in comparison to MHW. The rank order for AgNP LC50s in the
experimental waters was the same as the rank order that the BLM predicted for Ag+
toxicity indicating that Ag+ dissolved from the AgNP may have been responsible for some of
the AgNP toxicity. However, CaCl2 reduced toxicity more than the BLM predicted should
happen based on Ag+ and there was a much larger interaction effect between CaCl2 and
NaCl than was predicted. CaCl2 significantly increased particle size and sedimentation
rates, which was concluded to be caused by the Ca2+. An interaction effect between CaCl2
and NaCl was also observed for sedimentation, which appeared to be due to the doubled Clconcentration. AgNP aggregation was likely responsible for the differences between the
AgNP toxicity results and the predictions of the BLM supporting that the BLM is not able to
completely characterize all of the factors that affect AgNP toxicity.
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Introduction
Nanomaterials are any solid material with at least a single dimension between
1 – 100 nm (Fabrega et al. 2011; Harmon et al. 2014). The extremely high surface area to
mass ratio that objects in the nanoscale possess gives them unique properties that can
deviate substantially from the properties of their parent bulk materials (Meesters et al.
2013). Manufactured nanomaterials, referred to as engineered nanomaterials (ENMs), are
increasing in commercial use across the globe. In this category, silver nanoparticles
(AgNPs) are the most commercially used (Fabrega et al. 2011; Lorenz et al. 2012). AgNPs
are included in “colloidal silver”, which has a history of medical applications (Roe 1915)
and is still used today as a homeopathic treatment (Chikramane et al. 2017). Although
information is surfacing about the human health risk of AgNP exposure (Schäfer et al.
2013), the antimicrobial properties of AgNPs (Gao et al. 2009; Sharma et al. 2009; Xiu et al.
2012; Loza et al. 2014) and their relatively low human toxicity—particularly from dermal
exposure (Schäfer et al. 2013)—make them an attractive chemical for consumer products
such as textiles, medical equipment, food storage containers, and personal care products
(Hicks et al. 2015; Limpiteepraken and Babel 2016). The laundering, use, and disposal of
these products transports AgNPs into wastewater treatment facilities where they are not
completely removed (Mitrano et al. 2012), and eventually to the environment via
wastewater effluent.
The environmental toxicity of dissolved ionic silver (Ag+), which can be released
from AgNPs, is well understood using a conceptual model known as the Biotic Ligand
Model (BLM) (Di Toro et al. 2001; Bielmeyer et al. 2007). The BLM calculates the speciation
and predicts the aquatic toxicity of certain metals to aquatic organisms based on the
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modeled concentration of metal on the organism’s “biotic ligand”, which refers to the toxic
site of action. The BLM accounts for water quality conditions that can alter metal toxicity
through a variety of mechanisms: cations such as Ca2+ or Na+ compete with the metal ion
(referred to hereafter in the context of Ag+) for binding sites at the biotic ligand, which
reduces the accumulated Ag+ concentration; inorganic anions in solution form ligands with
Ag+, notably Cl- precipitates with Ag+ and forms AgCl(s) and various additional dissolved
AgCl species, reducing the bioavailability of Ag+. The BLM was designed specifically for
aqueous metals but has been used to explore the toxicity of metallic ENMs based on the
predicted toxicity of their dissolved constituents (Li et al. 2013; Khan et al. 2015; Sakamoto
et al. 2015).
Dissolved Ag+ from the AgNP surface has been shown to play a significant role in
AgNP toxicity (Kennedy et al. 2010; Li and Lenhart 2012; Harmon et al. 2014; Groh et al.
2015; Li et al. 2015), but there is disagreement as to whether there are other particlespecific characteristics of AgNPs that cause toxicity (Behra et al. 2013; Khan et al. 2015; Hu
et al. 2018). Some argue that Ag+ is the only toxic component of the AgNPs to a variety of
organisms (Xiu et al. 2012; Loza et al. 2014; Sakamoto et al. 2015; Shen et al. 2015),
however, other studies have found evidence suggesting particle-specific toxic modes that
also contribute to toxicity. These examples include observing inconsistencies between
predicted versus actual Ag+ concentrations at AgNP LC50s (Navarro et al. 2008a; Fabrega
et al. 2011; Ivask et al. 2014; Khan et al. 2015; Hu et al. 2018), different biochemical
responses from exposure to AgNPs rather than Ag+ including different toxicogenomic
responses (Poynton et al. 2012) or inhibited cellular Na+ uptake from AgNPs but not Ag+
(Schultz et al. 2012), and the exploration of different routes of exposure for AgNPs, such as
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the uptake of entire AgNPs into cells or through ingestion, resulting in different levels of
toxicity (Lee et al. 2007; Navarro et al. 2008b; Fabrega et al. 2011; Garcia-Alonso et al.
2011; Khan et al. 2015; Minghetti and Schirmer 2016; Conine and Frost 2017; Stevenson et
al. 2017). Without a complete understanding of the different modes through which AgNPs
induce toxicity, their environmental toxicity or bioavailability cannot be accurately
evaluated.
Improving AgNP toxicity understanding has proven to be challenging for a number
of reasons. First, AgNPs are extremely sensitive to their surrounding environments.
Temperature, pH, dissolved oxygen, dissolved organic matter, and freshwater ion
composition all affect the physical and chemical behaviors of AgNPs (Gao et al. 2009;
McLaughlin and Bonzongo 2012; Unrine et al. 2012; Cupi et al. 2016; Conine et al. 2017).
An important behavior for toxicity is the dissolution of Ag+ from the AgNP surface, which
simultaneously increases the Ag+ concentration in solution and reduces the size of the
AgNPs (Behra et al. 2013; Merrifield et al. 2017). Other behaviors include the aggregation
of colliding AgNPs (Li et al. 2010; Huynh and Chen 2011; Chen and Zhang 2014), or
sedimentation of AgNPs and their heavier aggregates out of a water column (Stebounova et
al. 2011; Baalousha et al. 2013; Furtado et al. 2014; Ellis et al. 2018). Aggregated AgNPs
have reduced surface area from which Ag+ can dissolve, and multiple studies have
confirmed reduced Ag+ concentration in solutions with heavily aggregated particles (Zhang
et al. 2011; Li and Lenhart 2012; Yue et al. 2015). Sedimentation rates are connected to the
aggregation of AgNPs because larger aggregates sink more rapidly in solution than smaller
aggregates or single particles. This process can severely alter the environmental
transportation of AgNPs, and also decrease their concentration in the water column.
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Sedimentation may reduce AgNP bioavailability to organisms that live in the water column,
but may instead increase AgNP exposure to benthic organisms (Mclaughlin and Bonzongo
2012; Baalousha et al. 2013; Behra et al. 2013; Römer et al. 2013; Schultz et al. 2014).
The second challenge to studying the toxicity of AgNPs is that they exist with a
myriad of different physical characteristics such as different particle sizes, capping agents,
particle synthesis methods, or particle ages. AgNPs with different combinations of
characteristics often elicit different levels of toxicity or different physical and chemical
behaviors. For example, AgNPs can be synthesized across the entire 1 – 100 nm
nanoparticle definition and size has been shown to be a significant determining factor of
toxicity. Smaller AgNPs are regularly more toxic than larger AgNPs to a variety of
organisms including bacteria, algae, crustaceans, and mammalian cells (Beer et al. 2010;
Römer et al. 2013; Ivask et al. 2014; Kennedy et al. 2015; Cupi et al. 2016). As another
example, most AgNPs are covered in a capping agent, which helps them repel one another
and remain in suspension as individual particles. Citrate or polyvinylpyrrolidone (PVP) are
two commonly used capping agents, however, many other chemicals are used for this role,
and identically sized AgNPs with different capping agents can behave differently and have
different toxicities (El Badawy et al. 2010; Kennedy et al. 2010; Asghari et al. 2012;
Tejamaya et al. 2012; Pokhrel et al. 2013; Jimenez-Lamana and Slaveykova 2016). Kittler et
al. (2010) showed that the concentration of Ag+ in synthesized AgNP stock solutions with
different capping agents increases at a first order reaction rate and can rapidly increase
after several days of storage. Using AgNPs that are not newly synthesized will likely falsely
increase AgNP toxicity due to excess Ag+ and using AgNPs of inconsistent storage times
likely adds an uncontrolled factor that affects toxicity. Finally, the selected method of AgNP
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synthesis may affect the toxic properties of AgNPs (Fabrega et al. 2011; Behra et al. 2013).
AgNPs are typically synthesized using “bottom up” reactions that turn silver salts into solid
particles and can be formed from a variety of silver salts, solvents, and reducing agents,
even if the capping agent remains consistent (Tolaymat et al. 2010). Beyond materials,
different practices may include filtering or intentionally aging AgNP solutions, using
different ratios of reducing agents to salts, or centrifuging stock solutions (Pillai and Kamat
2004; Kennedy et al. 2010; Croteau et al. 2014; Park et al. 2014). With so many different
kinds of AgNPs used in toxicity testing, and each characteristic able to influence toxicity,
there is limited consensus on what the overall toxicity of AgNPs is, or why these different
characteristics affect the toxicity.
Without considering toxicity, some AgNP behaviors are extremely predictable,
particularly in testing conditions with very few variables. AgNPs have been proven to
behave according to the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloidal
stability, which describes how cation concentrations predictably increase the aggregation
rates of a colloid (Chen and Elimelech 2006; Huynh and Chen 2011; Stebounova et al. 2011;
Baalousha et al. 2013; He et al. 2013; Chen and Zhang 2014). Briefly, AgNPs are small
enough that, like many colloids, they have a negatively charged electric double layer (EDL).
This EDL is strong enough that particles repel one another when they collide and
consequently remain suspended as individual single nanoparticles. When attractive forces
acting on the particle, such as van der Waals intermolecular forces, exceed the repulsive
force of the EDL, a “successful collision” occurs, where colliding particles stick to one
another to form an aggregate (two or more adhered AgNPs). Enough cation presence in
solution can effectively reduce the state of the EDL to varying degrees, which reduces the
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strength of attractive force necessary for successful collisions. The metric for the reduced
state of the EDL is called the attachment efficiency (α), which is the measurable ratio of the
aggregation rate at a particular salt concentration to the aggregation rate where 100% of
collisions are successful. Increased valency of the cation significantly increases attachment
efficiency, for example, Al3+ is more efficient than Ca2+, which is more efficient than Na+
(Huynh and Chen 2011; Baalousha et al. 2013; Chen and Zhang 2014). Since aggregation
rate is dependent upon the collision frequency, the concentration of particles/mL also
plays a role in aggregation rates by affecting collision frequency (Piccapietra et al. 2012;
Baalousha et al. 2013; He et al. 2013; Kim et al. 2017; McGillicuddy et al. 2017).
Depending on the water composition, the concentrations of different anions can also
change how AgNPs behave. Chloride is a very reactive anion with AgNPs because of how
easily AgCl can precipitate. This precipitation occurs directly onto the surface of the AgNP
(Ameer et al. 2014; Chambers et al. 2014; Zook et al. 2014), which acts as a bridging
mechanism that promotes the aggregation of colliding particles (El Badawy et al. 2010; Li
et al. 2010; Baalousha et al. 2013). AgCl precipitation also occurs in solution with Ag+ that
has dissolved from the AgNP, reducing the bioavailability of that Ag+ and therefore that
component of AgNP toxicity (Di Toro et al. 2001; Groh et al. 2015; Yue et al. 2015;
Gonçalves et al. 2017). When enough AgCl precipitates in solution, small AgCl nanoparticles
(AgCl-NPs) form. While these nanoparticles still decrease the bioavailability of Ag+ to
aquatic organisms, this process increases the overall nanoparticle concentration in solution
(Peterson et al. 2015; Kim et al. 2017; Merrifield et al. 2017).
The effects of other anions like SO42- or NO3- are less explored than Cl-. The effects
are usually only explained in comparison to Cl- and can change depending on the properties
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of both the AgNPs and the cations that they are paired with. Baalousha et al. (2013), using
30 nm AgNPs, found αNaCl> αNaNO3 > αNa2SO4. The authors explained the differences as the
SO42- and NO3- lacking the precipitating abilities of Cl-. When the authors paired the same
anions with Ca2+ instead of Na+, however, there was little difference between the
attachment efficiencies of the Ca2+ salts, indicating that the electric shielding abilities of
Ca2+ overwhelmed the influence of each anion. Gebauer and Treuel (2011) paired the same
anions with K+ and, using 50 nm AgNPs, found αK2SO4 > αKCl > αKNO3, in disagreement to the
anion order that Baalousha et al. (2013) found for monovalent Na+ salts. Li et al. (2010),
using 80 nm AgNPs, disagreed with the anion conclusions of both studies and concluded
that αNaNO3 > αNaCl. These inconsistent and limited findings not only reveal a gap in
understanding but also indicate that attributing all AgNP chemical behaviors to the
properties of environmental cations may be an incomplete approach, particularly if anions
like Cl- elicit an effect with some cations but not all. Many studies on AgNP kinetics have
compared the aggregating abilities of different cations by using chloride salts. This practice
ignores that Cl- ratios double or triple in tests with higher valency cations (e.g. Chen and
Elimelech 2006; Li et al. 2010; Huynh and Chen 2011; Liu et al. 2011; Chen and Zhang
2014), and also that Cl- has been shown to increase the aggregating effects of monovalent
but not di- or trivalent cations (Baalousha et al. 2013). Furthermore, the sensitivity of
AgNPs to electrolyte chemistry but limited information on anion effects indicates that
substituting Cl- with a different anion in toxicity testing solutions (e.g. Yue et al. 2015) may
be testing the effect of the substituted anion rather than simply the removal of the Cl-.
These experiments to measure kinetic behavior occurred in very controlled
environments with solutions composed of just deionized distilled water and one, or
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occasionally two, salts present at high concentrations (Chen and Elimelech 2006; El
Badawy et al. 2010; Li et al. 2010; Gebauer and Treuel 2011; Huynh and Chen 2011; Liu et
al. 2011; Baalousha et al. 2013; Chen and Zhang 2014; Kim et al. 2017). Toxicity testing
conditions, however, are first designed around the survival needs of the organism, which
require more complex solutions composed of multiple salts at lower concentrations,
dissolved oxygen, specified pH or alkalinity, and occasionally food (OECD 2004; ISO 2012;
ASTM 2012; ASTM 2014), so the particle behavior reported in kinetic studies does not
reflect how particles behave in toxicity testing conditions. Furthermore, typical AgNP
concentrations that produce concentration-response curves for a range of organisms (Lee
et al. 2007; Asghari et al. 2012; Gottschalk et al. 2013; Groh et al. 2015; Goncalves et al.
2017) are much lower than those used in studies focused on kinetic behavior (e.g. El
Badawy et al. 2010; Stebounova et al. 2011; Baalousha et al. 2013; Chen and Zhang et al.
2014). Aggregation rates, influenced by particle concentration, will be affected by a lower
collision rate and will not necessarily remain constant across increasing concentrations of a
toxicity test (Piccapietra et al. 2012; Kim et al. 2017).
The number and type of variables present in toxicity testing conditions are often
unavoidable and add additional factors that affect AgNP behavior. The extreme sensitivity
of AgNPs and other ENMs to their surrounding environment has led researchers to
advocate for improved standardized methods specifically for nanomaterial testing (e.g.
Kennedy et al. 2015; Peterson et al. 2015; Cupi et al. 2016; Merrifield et al. 2017). ASTM
International (ASTM), the Organization for Economic Co-operation and Development
(OECD), and the International Organization for Standardization (ISO) each have their own
requirements for reconstituted freshwater used for Daphnia magna acute toxicity tests.

8

ASTM is the most stringent, requiring that their recipe of four salts (NaHCO3, CaSO4, MgSO4,
and KCl) be used unless unfeasible for the experiment (ASTM 2014). The ISO method offers
a recipe that is composed of the same four salts as the ASTM method but with CaCl2
substituted for CaSO4, however the ISO method also clarifies that any freshwater is allowed
as long as it is compliant with the water quality criteria outlined in the document (ISO
2012). The OECD method is similar to the ISO method in that it provides the water quality
criteria and allows any freshwater that is in accordance with them (OECD 2004). OECD
provides the ISO recipe as an option, followed by two additional recipes for freshwaters
known as Elendt M4 and M7, which each have more than a dozen ingredients. Although M4
and M7 are not recommended for tests using metals, they are occasionally used in AgNP
toxicity tests (Lee et al. 2012; Park et al. 2014), sometimes with the metal chelating agent
removed (e.g. Khan et al. 2015). Similarly complex recipes are also used and are still in
accordance with OECD guidelines (Sakamoto et al. 2015). The differences in electrolyte
composition between standardized recipes and guidelines makes it unsurprising that AgNP
toxicity differs depending on the selected method (Cupi et al. 2017; Hu et al. 2018; Kidd et
al. 2018).
Furthermore, the recommended water quality for test solutions in each
standardized method are too broad to produce consistent AgNP toxicity results. Both ISO
and OECD recommend—rather than require—that waters have a pH between 6 and 9, and
a hardness between 140 – 250 mg/L CaCO3. This pH range induces different rates of Ag+
dissolution from the AgNP surface, which causes changes in dissolved Ag+ concentrations
and different levels of toxicity (Liu and Hurt 2010; Seitz et al. 2015; Molleman and
Hiemstra 2017). An increase in water hardness from 140 to 250 mg/L CaCO3 almost

9

doubles the Ca2+ concentration from 56 – 100 mg/L. This difference in divalent cation
concentration should have significantly different aggregation effects on AgNPs (Cupi et al.
2016), which is a behavior that affects the dissolution of aqueous Ag+ from the AgNPs
(Zhang et al. 2011; Li and Lenhart 2012; Schultz et al. 2014; Yue et al. 2015). Since usually
only the selected standard toxicity method and recipe are reported rather than precise and
measured water quality conditions, the results of reported AgNP toxicity tests can have
limited interpretation—or be misinterpreted—and can be challenging to reproduce (Groh
et al. 2015; Peterson et al. 2015).
In addition to improving the precision of testing conditions, the metric of measuring
AgNP toxicity as a mass of Ag is being voiced as inappropriate for characterizing toxicity
test results (Hull et al. 2012; Merrifield et al. 2017). The assumption in toxicology is that
mass or molar units quantify the potency of a toxicant, however this description does not
apply to AgNPs (and other ENMs) because so much of the mass of AgNPs is stored in the
interior of the particle, where it does not react or interact with the surrounding
environment. Additionally, Hull et al. (2012) points out that the same mass can describe
either few large particles or many smaller particles, which reflect different particle
concentrations and particle surface areas that are available to interact with the
environment or from which Ag+ can dissolve. Particle concentration, particle surface area,
or just the dissolved Ag+ concentration in solution are other dose metrics being considered
to describe AgNP toxicity, as they are considered better descriptors of what causes toxicity
(Kennedy et al. 2015; Peterson et al. 2015; Merrifield et al. 2017).
The purpose of this study was to understand the impacts that the freshwater ions
Ca2+, Na+, Cl-, and SO42- have on AgNP toxicity and chemical behavior in ASTM acute
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D. magna toxicity testing conditions. Observing how manipulated concentrations of these
ions in a standardized recipe affect AgNP toxicity, particle size, particle sedimentation, and
particle concentration could improve understanding on the specific way that AgNPs behave
in standardized toxicity tests, and how particular differences between recipes may change
the toxicity results. These findings could inform methods for standardization and
potentially connect specific particle behaviors to differences in toxicity.

Methods
Experiment Design
A factorial experiment design based on salts was utilized to create different
treatments of toxicological media. Moderately hard synthetic freshwater (MHW) (USEPA
2002), which consists of 0.348 mM CaSO4, 0.498 mM MgSO4, 0.054 mM KCl, and 1.14 mM
NaHCO3, was used as the baseline recipe. Experimental freshwaters were created by adding
three salt treatments in a factorial design to the MHW baseline recipe: 0.856 mM NaCl,
0.427 mM CaCl2, and 0.428 mM Na2SO4 (Table 1). Toxicity tests and AgNP chemical
behavior measurements were conducted in each experimental freshwater.
While the goal of this study was to investigate the effects of specific ions rather than
salts, the factorial experiment design is only able to make statements about the salt
treatments as cation/anion pairs. A factorial design based on ions cannot be used because
adding a particular ion to solution necessitates the addition of a counter ion; increasing the
level of one ion as a factor will always increase the level of a second ion, so effects cannot
be isolated to either ion, and, more importantly, become collinear factors. To overcome
some of these obstacles, the fixed concentrations of each salt factor in this study were
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selected such that the dissociated ion concentrations from different salt treatments were
equivalent (Table 2). For example, any difference observed between results from the water
with just the NaCl treatment (NC) and the water with just the Na2SO4 treatment (NS) can be
attributed to the effect of the substituted anion because the Na+ concentration in both
waters was the same. The NaCl and CaCl2 treatments added the same Cl- concentration
therefore differences between the effects of these salts were due to the difference in cation.
This design allows for discussion about the effects of individual ions, however, the factorial
analysis may only determine the effects of an entire salt treatment composed of both added
ions. Table 3 shows the total concentration of each ion in each experimental water
resulting from the baseline MHW recipe and the added salt treatment.
Table 1. Factorial experiment design indicating the presence (+) or absence (-) of the
three salt treatments added to a MHW baseline to create each experimental
freshwater. Each water is named according to its salt treatment: NaCl becomes NC,
CaCl2 becomes CC, and Na2SO4 becomes NS.
NaCl
CaCl2
Na2SO4
Water name
Water 1
MHW
Water 2
+
NS
Water 3
+
CC
Water 4
+
+
CC-NS
Water 5
+
NC
Water 6
+
+
NC-NS
Water 7
+
+
NC-CC
Water 8
+
+
+
NC-CC-NS
Table 2. Concentrations of individual dissociated ions added to experimental freshwaters
from each salt treatment.
Concentration added to freshwaters (mM)
Addition salt Salt concentration added
Na+
Ca2+
ClSO42NaCl
0.856
0.856
0.856
CaCl2

0.427

-

0.427

0.853

-

Na2SO4

0.428

0.855

-

-

0.428
12

Table 3. Total concentrations (MHW baseline plus salt treatment) of each ion present in
each experimental freshwater, as well as total ionic strength. Each freshwater also
contains uniform nominal concentrations of K (0.054 mM), Mg (0.498 mM), and HCO3
(1.14 mM) that are present in the baseline MHW recipe.
Test Water
MHW
NS
CC
CC-NS
NC
NC-NS
NC-CC
NC-CC-NS

Na+
1.14
2.00
1.14
2.00
2.00
2.85
2.00
2.85

Total Concentration (mM)
Ca2+
ClSO420.348
0.054
0.847
0.348
0.054
1.275
0.775
0.907
0.847
0.775
0.907
1.275
0.348
0.909
0.847
0.348
0.909
1.275
0.775
1.763
0.847
0.775
1.763
1.275

Ionic Strength
9.17
11.73
11.73
14.29
10.88
13.44
13.44
16.01

Factorial analysis on salts was performed following Berthouex and Brown (1994)
and NIST/SEMATECH (2012) to determine whether the NaCl, CaCl2, or Na2SO4 salt
treatments, or any interactions between them had significant effects on AgNP toxicity or
behavior. If analyzed endpoints did not have replication (and therefore not enough degrees
of freedom to test all factors and interactions), a two-directional stepwise regression based
on AIC was employed to determine significant model terms (NIST/SEMATECH 5.4.7.1.
2012). These terms were confirmed by plotting factor and interaction effects against
normal order scores to observe whether selected effects or interactions did not follow the
pattern of a random distribution (NIST/SEMATECH 5.5.9.8. 2012).

Biotic Ligand Model
The Biotic Ligand Model was run for Ag+ using Windward Environmental, LLC’s
(Seattle, WA) Biotic Ligand Model Software (Biotic Ligand Model, version 3.36.2.45, 2018).
Nominal concentrations for each freshwater ion were input for each experimental water as
13

well as the water quality conditions of the toxicity tests (Table 4). Water quality conditions
were entered as uniform values across all waters. Temperature, pH, and alkalinity were
measured during toxicity testing and the averaged values were used for model inputs. DOC,
NO3, and S were not present in the experimental waters but the BLM recommends
inputting the value 1.0 x 10-10 mg/L rather than 0. The BLM assesses humic acid as a
percentage of DOC and recommends 10%, rather than 0%, as the lowest input value.
Output for the model included predicted Ag+ LC50s for each experimental water, as well as
the partitioning of Ag and its species at predicted LC50 concentrations. Factorial analysis
was performed on the BLM-predicted Ag+ LC50s for each experimental water.
Table 4. Water quality conditions as inputs to the BLM based on toxicity testing conditions.
Temperature (°C)
20
pH
8
DOC (mg-C/L)
1.0 x 10-10
Humic acid (%)
10
NO3 (mg/L)
1.0 x 10-10
Alkalinity (mg/L CaCO3)
61.04
S (mg/L)
1.0 x 10-10
AgNP Synthesis
Citrate-capped AgNPs were synthesized according to Lee and Meisel (1982). Briefly,
AgNO3 was boiled with 1% sodium citrate solution for exactly one hour. To reduce
variation between batches, production variables were kept as consistent as possible during
each synthesis (Table 5). The nominal concentration of the synthesized stock solutions was
116.2 mg/L (total Ag). Different batches of AgNPs were used throughout the analytical and
toxicity tests. All analytical or toxicity tests used AgNPs within 24 hours of synthesis to
create more consistency in the concentration of Ag+ that may have dissolved into solution
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and to reduce variation of Ag+ concentrations between batches (Kittler et al. 2010). Despite
this effort to minimize the age of the AgNPs, it is still possible that there were differences in
batches. To account for impacts caused by different AgNP batches on particle and toxicity
measurements, batch was included in ANOVAs as a random factor and the F statistics of the
factors of interest were therefore calculated using the expected mean square from batch.
Table 5. Materials and conditions used for AgNP synthesis.
AgNO3
18.3 mg
1% sodium
citrate solution

2.00 mL

Temperature
Stir rate
Batch Volume
Glassware

390 – 415°C
330 rpm
100 mL
150 mL beaker

Water
replacement

~1.5 mL / min

Toxicity Tests and statistical analysis
Acute toxicity tests (ASTM 2014) were performed twice in each experimental
freshwater using D. magna neonates. For each toxicity test, six AgNP concentrations and a
negative control were triplicated in glass test chambers, using five organisms per chamber.
Mortality was counted at 24 and 48 hours. Organisms were purchased from Aquatic
BioSystems, Inc. (Fort Collins, CO). Tests were performed at 20.0°C in a 16:8 hour light:dark
cycle.
AgNPs were added from the stock solution to each individual test chamber already
filled with experimental freshwaters and gently pipette mixed before neonates were added.
By adding AgNPs directly to each test chamber all physical and chemical behaviors that
occurred as a result of the AgNPs interacting with the salt treatments, occurred within the
15

test chamber. All chambers received AgNPs before any neonates were added to any
chambers. Organisms were added anywhere from 1 to 35 minutes after the AgNPs were
added to the chambers.
Concentration-response curves and point estimates for each experimental water
were calculated from the combined mortality counts from both toxicity tests on R statistical
software (R Core Team 2017) using the 3-parameter log-logistic model in the drc package
(Ritz et al. 2015). Statistical comparisons between point estimates of different waters were
made by comparing ratio parameters using the compParm function in the same package. A
two-factor factorial analysis was performed on the LC50s of the four experimental waters
without Na2SO4 (MHW, NC, CC, NC-CC; Table 1) to test the main effects and interactions
between NaCl and CaCl2 on AgNP toxicity.

UV-Vis
Sedimentation of AgNPs in each experimental water was measured using a UV-Vis
spectrophotometer (8542 Diode-Array Spectrophotometer, Hewlett Packard, CA) paired
with a chiller to maintain the temperature of the samples at 20.0°C throughout the duration
of the test. AgNPs were added to each experimental water with no added D. magna in 10
mm plastic cuvettes at a concentration of 10 mg/L, which trial runs showed resulted in
clear and consistent initial peak absorbances. Sedimentation experiments in each water
were replicated five times. AgNPs were pipette-mixed to evenly distribute throughout the
cuvette, and absorbance measurements began less than 10 seconds after mixing. During
trial runs, peak absorbance in the broad spectra was observed to be l = 416 ± 4 nm, which
is consistent with other findings in the literature (Bhui et al. 2009; Stebounova et al. 2011;
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Asghari et al. 2012; Ivask et al. 2014); absorbance measurements over time were therefore
taken at l = 416 nm. Measurements were taken at an interval of 36.6 sec for 3.5 hrs after
AgNP addition, which trial runs showed captured the immediate initial aggregation that
rapidly removed AgNPs from the water column as well as some time with much slower
rates of particle removal as absorbances approached a plateau. UV-Vis measurements were
carried out by WWU undergraduate Winston Booth.
Rate analysis was performed on the absorbance readings over time using Graphpad
Prism software (Graphpad Software 2017). The best fit model for all waters was found to
be a three-phase decay model based on AIC, which the software fit to each experimental
water from that water’s five replicates. Subsequent factorial analyses were performed on
the fast, medium, and slow rate constants (kfast, kmedium, and kslow) as well as the predicted
plateaus from the models that were fit to each experimental water.
A repeated measures ANOVA was performed on absorbance readings for each water
at time (T) = 0 min, 8 min, 15 min, 30 min, 1 hr, 2 hr, and 3.5 hr to test whether
experimental water had a significant impact on how absorbance changed over time
(a = 0.05). Simple main effects contrasts were performed following significant interactions
between water and time comparing the differences between waters at each time
(family α = 0.05). Synthesized AgNP batch was included as a random factor in two-way
ANOVAs of absorbance readings at each time.

ICP-MS
Particle size and particle concentration were measured on ICP-MS (Agilent 7500ce,
Agilent Technologies, CA) using the single particle inductively coupled plasma mass
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spectrometry (spICP-MS) technique originally described in a series of papers by Degueldre
et al. (i.e. Degueldre and Favarger 2003, 2004; Degueldre et al. 2004, 2006a, 2006b).
Transport efficiency was calculated using the Particle Size Method according to Pace et al.
(2011), using standardized 60 nm gold nanoparticles (U.S. National Institute of Standards
and Technology, RM 8013) and corresponding dissolved gold standards. Transport
efficiency was measured on each day of testing and ranged from 3.01 – 6.15%.
AgNP samples for ICP-MS analysis were prepared as in the toxicity tests with glass
test tubes and pipette mixing AgNP LC50 concentrations ± 14% (Table 6) into each
corresponding experimental freshwater. Aliquots for ICP-MS analysis were sampled from
the middle of the water column in each test tube. Measurements of Ag107 were taken 3.5
hours and 24 hours after AgNPs were added to observe changes in particle measurements
during the time when the most mortality occurred based on qualitative observations.
Replicates of each experimental freshwater at each time were independent (not repeated
measurements). Three 60-sec measurements were taken per sample replicate at each
measurement. The instrument was limited to a minimum of 10 ms dwell times therefore
samples were diluted in deionized distilled water to a concentration resulting in
5.00 ± 1.47% particle event readings in each 60-sec sample measurement. This is
recommended to avoid coincidences, where multiple particles are measured during a
single dwell time thereby falsely increasing particle size measurement and reducing
particle concentration (Montano et al. 2014, 2016).
AgNP measurements, referred to as events, were separated from background
readings by treating all dwell time measurements µ + 5s (where µ and s are mean and
standard deviation, respectively) as particles. Particle events that surpassed 5s above the
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mean were removed from the dataset and the threshold was applied again (Bi et al. 2014;
Montano et al. 2016; Miyashita et al. 2017). Events were classified this way until no more
values existed above the threshold. Coincidences were removed as outliers using Grubbs’
test by testing separated events from each 60-second sample measurement on Graphpad
Outlier Calculator (a = 0.01) (Graphpad Software 2018). Due to the monodisperse nature of
the standardized gold nanoparticles paired with little to no dissolved gold background,
particle events for gold nanoparticles were separated from background readings using the
K-means clustering method described in Bi et al. (2014).

Table 6. Percent differences between calculated LC50s from toxicity testing
results and nominal AgNP concentrations used for ICP-MS measurements in
each experimental water.
Experimental
Water
MHW
CC-NS
NC
CC
NC-NS
NC-CC

Calculated LC50
from toxicity testing
(µg/L)

Nominal AgNP
concentration for
ICP-MS (µg/L)

Percent
Difference

53.48
84.20
97.75
118.69
217.16
383.52

52.29
84.25
98.77
118.52
214.97
331.17

2.23
-0.06
-1.04
0.14
1.01
13.65

Particle size distribution and particle concentration were calculated according to
Pace et al. (2011, 2012). Due to the presence of multiple distributions in the resulting size
histograms, samples were divided into three size categories: < 60 nm, 60 – 100 nm, and
> 100 nm. 60 nm was selected because reformed AgNPs or AgCl-NPs and the majority of
their aggregates are likely to be represented in entirety in this size category (Baalousha et
al. 2013; Kim et al. 2017; Merrifield et al. 2017). The second category captures the
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remainder of the original particles (treated as 71.55 ± 2.97 nm from preliminary
measurements on DLS), including whether dissolution had reduced their diameter, and
includes two- to three-particle aggregates (Kim et al. 2017). Particles greater than 100 nm
indicate the occurrence of aggregates composed of more than four AgNPs (Montano et al.
2014; Kim et al. 2017). C2 tests for independence were used to determine whether the
electrolyte composition or duration of exposure between experimental waters affected the
number of particles in each size category. Multiple C2 tests were run to compare different
sample types against one another and because some comparisons were isolated by AgNP
batch. A Bonferroni correction was therefore applied to the C2 statistic. When that statistic
was significant, standardized residuals were calculated in a C2 contingency analysis to
determine where significant differences existed between expected and observed particles
in each size category. Kolmogerov-Smirnov tests with a Bonferroni correction were
performed on replicate samples to determine whether replicates had the same
distributions. All replicate pairs except the NS water at 24 hrs found no difference between
distributions so the number of particles in each size category of replicate pairs were
averaged together and those averages were used in the C2 tests for independence for those
sample types. Despite being found to be from different distributions, the replicate pair of
the NS water at 24 hrs was also averaged because there was no experimental reason to
doubt the validity of either replicate.
The three 60-second measurements taken for each sample yielded three particle
concentration measurements per replicate. Experimental water and duration of exposure
were compared using two-way ANOVAs (α = 0.05) that compared samples that were
isolated by AgNP batch. A two-way ANOVA was also run to compare experimental water
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and duration of exposure using all samples from all three AgNP batches with the
understanding that batch may have affected particle concentration measurements.
Following a nonsignificant interaction between water and time, pairwise t-tests were used
to compare experimental waters. Pearson correlation tests were run comparing the
particle concentrations at each time individually and as a combined range of both times
against the respective LC50s of Ag by mass.

Results
A summary of statistical tests and outcomes performed on all AgNP and toxicity
endpoints can be found in Table 7. The statistical tests and outcomes used to evaluate the
effects of AgNP batch on each toxicity and instrument endpoint can be found in Table 8.

AgNP Batch
This study was not designed to test the effects caused by different AgNP batches,
however, concerns were raised that AgNP batch may have had effects on particle behavior
because the shapes of the particle size distributions from the ICP-MS appeared to be
different depending on the batch used. For example, the MHW and NC size distributions at
3.5 hrs (from one batch) appear more similar to each other than the MHW and NC size
distributions at 24 hrs (from a different batch), which were also very similar in appearance
to one another (Figure 1). The remaining size distributions were all from a third batch and
appear the most similar to each other regardless of difference in salt treatments or
measurement times, and do not look the same as the size distributions from the other two
batches. Due to this appearance of very different distribution shapes based on batch
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(Figure 1), AgNP batch was incorporated into statistical tests as a precaution. To test batch
effects, AgNP batch was incorporated post-hoc into the analyses of the particle
characterization and toxicity measurements. The experimental designs for the tests
performed in this thesis were able to accommodate the post hoc inclusions except for the
experiments performed on ICP-MS, where the tested factors were nested entirely within
AgNP batch. Since the effect of batch on particle size distribution appeared to dictate the
number of particles in each particle size category and also possibly the size of the particles
themselves (and therefore the locations of the distributions along the x-axis), it was
concluded that the ICP-MS was likely able to determine significant effects of particle batch
on particle size distribution. Regrettably, since tested factors (salt treatment and time)
were nested within particle batches on ICP-MS measurements, the effect that batch had on
particle size distributions could not be accounted for. There is no evidence from the
literature that different batches from the same AgNP synthesis method do or do not
influence particle measurements, however any significant effects on the particle sizes or
the particle size distribution shape could have affected the Χ2 independence and
contingency analyses, which specifically compared the number of particles in each size
categories between multiple samples. Therefore, statistical tests on ICP-MS particle size
measurements were only considered statistically valid between measurements derived
from the same synthesized AgNP batch. The use of multiple AgNP batches was not found to
significantly affect the results of the toxicity tests or the UV-Vis experiments (Table 8).
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Figure 1. Particle size histograms (n = 2) of AgNPs measured using single particle ICP-MS.
Experimental water, time of measurement, and AgNP batch are noted on each plot. Bolded
lines isolate sample types by AgNP batch.

23

Table 7. Summary of statistical tests performed on measured and calculated endpoints.
Endpoint:

alpha
correction?

Experimental
waters
compared:

Ratio comparison test

none

MHW, NC, CC,
NC-NS, CC-NS,
NC-CC

Factorial analysis: NaCl,
CaCl2

none

MHW, NC, CC,
NC-CC

Factorial analysis: NaCl,
CaCl2, Na2SO4

none

All waters

NaCl, CaCl2, Na2SO4, and interaction of NaCl and
CaCl2 significantly increased predicted Ag+ LC50.

All waters

Experimental waters significantly changed
absorbance over time. The waters did not change
absorbance the same (therefore performed
simple main effects contrasts).

All waters

Experimental waters were different from one
another up through 1 hr of test time, but after 2
hr, absorbances were no longer different
between waters. Waters with CaCl2 were always
statistically similar and had low absorbances.
MHW and NS were always statistically similar
and had the highest absorbances (indicating
slower sedimentation).

Tests Performed:

Result:

Toxicity
AgNP LC50

BLM
Model
Output: Ag+
LC50

CC-NS, NC, and CC were statistically similar to
one another. All other LC50s were different from
one another. All salt treatments reduced toxicity
compared to MHW.
NaCl, CaCl2, and interaction of NaCl and CaCl2 all
significantly reduced AgNP LC50. (Na2SO4 not
assessed)

UV-Vis
Absorbance

Repeated measures
ANOVA: diluted
experimental water, 7
times of measurement

Simple main effects
contrasts following
significant water:time
interactions on repeated
measures ANOVA

none

Bonferroni
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Endpoint:

3-phase
decay model
components

Experimental
waters
compared:

Result:

none

All waters

CaCl2 significantly affected all three rate
constants (kfast, kmedium, and kslow). NaCl affected
the medium rate and likely the fast rate (but was
barely nonsignificant). Na2SO4 was nonsignificant
on all rate constants. Modeled plateau was
unaffected by any salts.

Bonferroni

MHW, NC, CC,
NC-NS, CC-NS

Χ2 test for independence
comparing particle
distribution in 3 size
categories

Bonferroni

Table 14;
MHW, CC-NS,
NC, CC, NC-NS,
NC-CC

Χ2 contingency analysis
following significant Χ2
tests for independence

none

Table 14;
Appendix B

Tests Performed:

Factorial analysis: NaCl,
CaCl2, Na2SO4

alpha
correction?

ICP-MS
Particle size
distribution

Particle
concentration

Kolmogorov-Smirnov test
between sample replicates

Two-way ANOVA:
experimental water,
time spent in water

none

CC, CC-NS,
NC-NS
(same batch)

Replicate samples came from the same
distributions, except for NC-NS after 3.5 hrs
(n = 1) and 24 hrs (different distributions).
All tests described in Table 14 had significantly
different distributions except for the difference
between MHW and NC after 3.5 hrs, which
showed no difference between the number of
particles in each size category.
Waters with CaCl2 had more particles > 100 nm
than waters without CaCl2, which had more
particles between 60 - 100 nm. Waters able to
compare both measurement times found that
there were more particles > 100 nm and fewer
particles between 60 -100 nm after 24 hrs than
at 3.5 hrs, indicating aggregation over time.
Experimental waters and duration of exposure
both significantly affected particle concentration.
The interaction between water and time was
nonsignificant therefore exposure duration
affected all three waters the same.
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alpha
correction?

Experimental
waters
compared:

Particle concentrations between MHW and NC
were different after 3.5 hrs.

Endpoint:

Tests Performed:

Particle
Concentration

Two-way ANOVA:
experimental water

none

MHW, NC
(3.5 hrs)
(same batch)

Two-way ANOVA:
experimental water

none

MHW, NC
(24 hrs)
(same batch)

Particle concentrations between MHW and NC
were the same after 24 hrs.

none

MHW, CC-NS,
NC, CC, NC-NS,
NC-CC
(different
batches
ignored)

Experimental waters and duration of exposure
both significantly affected particle concentration.
The interaction between water and time was
nonsignificant therefore exposure duration
affected all waters the same.

none

MHW, CC-NS,
NC, CC, NC-NS,
NC-CC
(different
batches
ignored)

Despite LC50s from 53.48 – 118.69 μg/L, MHW,
CC-NS, NC, and CC all had statistically similar
particle concentrations. NC-NS and NC-CC had
higher particle concentrations that were similar
to one another, however NC-NS was missing data
for one replicate.

none

MHW, CC-NS,
NC, CC, NC-NS,
NC-CC
(different
batches
irrelevant)

Particle concentrations were positively
correlated with LC50 at both 3.5 and 24 hrs.

Two-way ANOVA:
experimental water,
time spent in water

Pairwise t-tests comparing
individual experimental
waters

Pearson correlation test
against LC50

Result:
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Table 8. Analyses used to determine whether AgNP batch affected measured endpoints.
Test/
# of batches
Statistical Test(s) for
Endpoint
Test outcome
Instrument
used
batch significance
Toxicity
Tests

UV-Vis

ICP-MS

LC50

Absorbance
at 15, 30, 60,
and 210 min

Particle Size
and Particle
Concentration

8

Two-way ANOVA
testing experimental
water and batch

Every water was
represented by
at least 3
different batches

Two-way ANOVAs
testing experimental
water and batch at
each measurement
time

3

No tests were
performed. Waters
were nested inside
batch therefore no test
could be performed to
rule out variation
contributed by batch

Batch was
nonsignificant

Implication for Results
Toxicity results were not
affected by variation from
AgNP batch

All effects observed were
Batch and the
due to the salt treatments.
interaction
(Repeated measures
between water and
ANOVA was not possible
batch were
because not every water
nonsignificant at
was represented by every
all times
batch)

Assumption that
batch had an effect

Only samples measured
from the same batch were
considered statistically
valid against one another.
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Toxicity
Effects of Na2SO4 and any associated interactions could not be tested in factorial
analysis because the NS and NC-CC-NS waters did not pass data quality objectives,
including: control mortality greater than 20%, unrepeatable results where replicated
toxicity tests produced concentration response curves with 95% CIs that did not overlap,
or tests that resulted in no effects at all concentrations. Statistical conclusions about salt
treatments on toxicity did not include these two waters (NS and NC-CC-NS; Tables 7, 9).
All salt additions to experimental freshwaters reduced toxicity in comparison to
MHW (Figures 2, 3). A two-factor factorial analysis performed on the waters without
Na2SO4 (MHW, NC, CC, NC-CC) found NaCl, CaCl2, and an interaction effect between them to
each significantly increase AgNP LC50 (Figures 3, 4a; Tables 9, A1). Ratio comparisons of
LC50s found the CC-NS, NC, and CC freshwaters to be statistically similar. This group was
less toxic than MHW, but more toxic than NC-NS and NC-CC (Figure 2). In all tests, more
than 90% of mortality occurred in the first 24 hrs of the 48-hr test.
Table 9. Descriptive statistics for measured AgNP LC50s in all experimental waters except
NS and NC-CC-NS. Significance from factorial analysis indicates whether a salt or
interaction was significant (Y) or not (N). Factorial analysis on AgNP LC50 reflects 2-factor
analysis comparing just two salts across four waters: MHW, NC, CC, and NC-CC.
Mean
AgNP LC50
(µg/L)

159.13

Descriptive Statistics
Median
Min
108.22

53.477

Max
383.52

Significant in Factorial Analysis?
NaCl
CaCl2 NaCl:CaCl2
Y

Y

Y
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Figure 2. Acute concentration-response curves for AgNPs in six experimental waters modeled using a three-parameter loglogistic model. Letters show significant differences between LC50s, determined by ratio using the compParm() function of the
drc package (Ritz et al. 2015).
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Figure 3. Main effects plots from the two-factor factorial analysis performed on the four waters without Na2SO4 (MHW, NC, CC,
NC-CC) showing the effects of the addition of the NaCl and CaCl2 salt treatments (present) on AgNP LC50 (n = 2) compared to
the waters without each respective salt treatment (absent). The factorial model is in Table A1. Asterisks indicate the salt factor
was significant.

a

b

Figure 4. Analysis of interaction effects between NaCl and CaCl2 in the factorial analyses of:
a) measured AgNP LC50, and b) the BLM-predicted Ag+ LC50. The interaction plots show
the effect of the absence versus the presence of the NaCl treatment when the CaCl2
treatment was absent (bottom line) versus present (top line). Asterisks indicate the
interaction was significant.
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Biotic Ligand Model
A brief summary of the BLM output can be found in Table 10 and the results of the
factorial analysis on BLM-predicted Ag+ LC50 in Table 11. Factorial analysis found all three
salt treatments and the interaction between NaCl and CaCl2 to significantly increase the
BLM-predicted Ag+ LC50 (Figures 4b, 5; Table A2). Free Ag+ in solution decreased with
increasing Cl- concentrations from the salt treatments, while AgCl in solution increased
with the Cl--containing salt treatments (Table 10).
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Table 10. Summarized BLM results for each experimental freshwater in order of ascending predicted Ag+ LC50.
Water
Predicted Ag+ Predicted AgCl in Predicted free Ag+
LC50 (μg/L)
solution (μg/L)
in solution (μg/L)
MHW
0.810
0.101
0.733
NS
0.916
0.113
0.830
CC
1.34
1.07
0.468
NC
1.50
1.20
0.521
CC-NS
1.50
1.20
0.530
NC-NS
1.66
1.32
0.583
NC-CC
1.87
1.70
0.385
NC-CC-NS
2.06
1.87
0.431

Table 11. Descriptive statistics for selected BLM endpoints across all experimental waters. Significance from factorial analysis
indicates whether a salt or interaction was significant (Y) or not (N).
Descriptive Statistics
Significant in Factorial Analysis?
Mean Median
Min
Max
NaCl
CaCl2 Na2SO4 NaCl:CaCl2 NaCl:Na2SO4 CaCl2:Na2SO4
Ag+ LC50
(µg/L)

1.46

1.50

0.809

2.06

Y

Y

Y

Y

N

N
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Figure 5. Main effects plots showing the effects that the BLM predicts the addition of the NaCl, CaCl2, and Na2SO4 salt
treatments would have on Ag+ LC50 (present) compared to the waters without each respective salt treatments (absent). The
respective factorial model is in Table A2. Asterisks indicate the salt factor was significant.
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UV-Vis Spectrophotometry
The electrolyte composition of each experimental water significantly affected AgNP
sedimentation patterns (Table 12; Figures 6, 7). Factorial analysis found that CaCl2 was a
significant factor (p £ 0.009) affecting all three decay rate constants (kfast, kmedium, and kslow)
in the fitted three-phase decay models (Table 13; Figure 8a-c). The medium rate constant
was also significantly affected by NaCl (p = 0.023). Although NaCl and the interaction
between NaCl and CaCl2 were both nonsignificant for the fast rate, the inclusion of these
terms in the factorial model (p = 0.133 and p = 0.069, respectively) improved the adjusted
r-squared value from 0.747 to 0.889, so it is likely that the concentration of NaCl was
slightly below a concentration that may have induced a strong enough effect to cross the α
threshold (Table A3). Na2SO4 was nonsignificant for all rate constants. Factorial analysis on
the plateaus predicted by each fitted model found all salt factors and interactions to be
nonsignificant (Table 13; Figure 8d). Simple main effects contrasts found significant
differences between waters at all compared times (Table 12) except 2 and 3.5 hrs (Figure
7). Significant differences between experimental waters were initially divided between the
waters with CaCl2 (CC, CC-NS, NC-CC, and NC-CC-NS; hereafter referred to as the Ca group)
and the waters without CaCl2 (MHW, NC, NS, and NC-NS; hereafter referred to as the no-Ca
group).
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Ca-Group

No-Ca Group

Table 12. Average absorbance of AgNPs from UV-Vis spectrophotometry in each experimental water ± 1 standard deviation
after different times throughout the 3.5 hr run time of the experiment (n = 5).
Average absorbance
8 min
15 min
30 min
1 hr
2 hr
3.5 hr
± ≤ 0.08807 ± ≤ 0.06391 ± ≤ 0.04048 ± ≤ 0.02507 ± ≤ 0.02411 ± ≤ 0.02173
MHW

0.34205

0.29929

0.24640

0.19363

0.14976

0.12064

NS

0.36925

0.31775

0.25627

0.19553

0.14743

0.11671

NC

0.30032

0.25878

0.21167

0.16931

0.13156

0.10432

NC-NS

0.28775

0.23365

0.17929

0.13478

0.10130

0.07925

CC-NS

0.24023

0.20461

0.17389

0.14860

0.12613

0.10646

NC-CC

0.19209

0.16840

0.14911

0.13155

0.11310

0.09464

NC-CC-NS

0.18890

0.16448

0.14469

0.12708

0.10961

0.09321

CC

0.18246

0.15713

0.13673

0.11933

0.10258

0.08723
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Significant in Factorial
Analysis?

Ca-Group

No-Ca Group

Table 13. Selected model components from the exponential decay models for all
experimental waters. Significance from factorial analysis indicates whether a salt or
interaction was significant (Y) or not (N) on any of the three rate constants (k) or the
predicted plateau.
kfast (sec-1) kmed (sec-1) kslow (sec-1)
Plateau
MHW

0.7112

0.1294

0.02268

0.09485

NS

0.6236

0.1262

0.02304

0.09001

NC

2.763

0.2011

0.02775

0.08747

NC-NS

0.5695

0.1594

0.02462

0.06146

CC-NS

0.9712

0.1994

0.01917

0.08475

NC-CC

1.573

0.2585

0.01617

0.06883

NC-CC-NS

1.733

0.2750

0.02051

0.07742

CC

1.370

0.2466

0.01970

0.07099

NaCl

N*

Y

N

N

CaCl2

Y

Y

Y

N

Na2SO4

N

N

N

N

NaCl:CaCl2

N*

N

N

N

NaCl:Na2SO4

N

N

N

N

CaCl2:Na2SO4
N
N
N
N
* Model term was nonsignificant (0.05 < p < 0.15) but inclusion in the factorial model
improved adjusted r-squared value from 0.747 to 0.889.
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Figure 6. Average absorbance at λ = 416 nm of sedimenting AgNPs over time as measured using UV-Vis spectrophotometry
(n = 5).

a

b

c

d
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Figure 7. Light absorbed by AgNPs in each experimental water at λ = 416 nm measured using UV-Vis spectrophotometry after
a) 8 min, b) 15 min, c) 30 min, and d) 1 hr. Letters indicate statistical groupings at each time calculated from simple main
effects contrasts (family α = 0.05) (n = 5).

a

b

c

d
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Figure 8. Main effects plots showing the effects that the NaCl, CaCl2, and Na2SO4 salt treatments had on the sedimentation
patterns measured on UV-Vis (present) compared to the waters without each respective salt treatment (absent). Factorial
analyses were performed on selected model components of the three-phase decay models that were fit to the absorbance
patterns of AgNPs in each experimental water: a) kfast, b) kmedium, c) kslow, and d) plateau. Final factorial models are in Tables A3
– A6. Asterisks indicate the salt factor was significant in the final model.

ICP-MS
Since ICP-MS measurements were made using LC50 concentrations for each
experimental water, the two tests without toxicity results (NS and NC-CC-NS) were not
measured on ICP-MS. Effect of AgNP batch on ICP-MS measurements was not able to be
determined therefore statistical tests on ICP-MS particle size measurements were only
conducted between measurements derived from the same synthesized AgNP batch
(Table 8). NC-CC at 24 hrs was not included in analyses because it was isolated in a batch
by itself.
Particle size distributions on ICP-MS revealed multimodal distributions in all
experimental waters and at both measurement times (Figure 1). All distributions had some
kind of particle presence that peaked between 30 – 45 nm, and at least one other
distribution between 70 – 100 nm. In most samples, however, these main distributions
were composed of multiple smaller distributions that indicate aggregation patterns within
the larger distributions (Montano et al. 2016; Kim et al. 2017).
The comparisons based on AgNP batch resulted in seven separate C2 tests for
independence (Table 14). All tests found the existence of significant differences between
AgNP distributions across the three size categories (< 60 nm, 60 – 100 nm, > 100 nm) with
the exception of the distributions for MHW and MHW with NaCl (NC) after 3.5 hrs where no
significant differences were found. Individual C2 contingency tables can be found in
Appendix B and are summarized in Table 14.
The same AgNP batch limitations on statistical comparisons were applied to particle
concentration as a precaution. A two-way ANOVA comparing the effect of experimental
water and time spent in the water between the CC, CC-NS, and NC-NS freshwaters, which
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were all from the same batch, found experimental water (F2,6 = 9.41, p = 0.014, generalized
h2 = 0.96) and time (F1,6 = 7.47, p = 0.034, generalized h2 = 0.89) to both significantly affect
particle concentration. The interaction effect between water and time was nonsignificant
(F2,6 = 0.67, p = 0.55, generalized h2 = 0.56), therefore time decreased particle
concentration in all three waters the same way. The particle concentrations between MHW
and the NC water were different after 3.5 hrs (F1,2 = 117.89, p = 0.008, generalized h2 =
0.94) but no difference was found between them after 24 hrs (F1,2 = 17.56, p = 0.053,
generalized h2 = 0.75).
Since there was no indication whether AgNP batch did or did not affect particle
concentration and no information from the literature on whether batch might have had an
effect, a two-way ANOVA comparing all waters and times against each other (ignoring
batch altogether) was also run. Information on particle concentration in relation to AgNP
toxicity is extremely limited and of increasing interest and concern and the results of this
test can provide insight to the discussion on nanoparticle toxicity and informed direction
for future research using otherwise missing information. Thus, the two-way ANOVA
comparing all tested waters across both measurement times found particle concentration
to be significantly affected by experimental water (F5,14 = 22.37, p ≪ 0.001, h2 = 0.94) and
measurement time (F1,14 = 38.43, p ≪ 0.001, h2 = 0.84). The interaction between water and
time was nonsignificant (F5,14 = 2.13, p = 0.132, h2 = 0.59), reaffirming that time decreased
particle concentration in experimental waters the same way. Pairwise t-tests comparing
experimental waters found two distinct statistical groups (Figure 9a): MHW, CC-NS, NC,
and CC were statistically similar despite AgNP nominal concentrations ranging from
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52.29 – 118.52 μg/L; and NC-NS and NC-CC were statistically similar despite AgNP
concentrations from 214.97 – 331.17 μg/L (Table 6).
The Pearson correlation tests were comparisons between particle concentrations
and nominal LC50 values and were therefore not restricted by experimental batch
limitations. Particle concentration and LC50 were positively correlated at both 3.5 hrs
(Pearson’s r = 0.84, p = 0.001), 24 hrs (Pearson’s r = 0.76, p = 0.004), and for the combined
readings of both times (Pearson’s r = 0.71, p < 0.001) (Figure 9b).
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Table 14. C2 tests for independence performed between sample types (n = 2) by AgNP batch. If the C2 statistic was significant
(family α = 0.05), a C2 contingency analysis was performed to determine where differences between waters and size
categories existed. C2 contingency tables can be viewed in Appendix B.
AgNP
C2
Samples Compared
Significant?
Summary of Contingency Analysis
Batch
statistic
Batch 1

3.5 hr: MHW vs NC

5.07

No

Analysis not performed for nonsignificant C2 statistic

Batch 2

24 hr: MHW vs NC

19.72

Yes

NC has more particles > 100 nm than MHW

Batch 3

CC: 3.5 hr vs 24 hr

37.89

Yes

24 hr samples had more particles > 100 nm than 3.5 hr
samples, which had more particles between 60 - 100 nm

Batch 3

CC-NS: 3.5 hr vs 24 hr

60.95

Yes

24 hr samples had more particles > 100 nm than 3.5 hr
samples, which had more particles between 60 - 100 nm

Batch 3

NC-NS: 3.5 hr vs 24 hr

15.42

Yes

24 hr samples had more particles > 100 nm than 3.5 hr
samples

Batch 3

3.5 hr:
CC vs CC-NS vs NC-NS vs
NC-CC

76.68

Yes

NC-CC (n = 1) had many more particles > 100 nm than the
hypothetical expected distribution and substantially fewer
between 60 - 100 nm. NC-NS (n = 1) showed the opposite
(few particles > 100 nm and many between 60 - 100 nm)

Batch 3

24 hr:
CC vs CC-NS vs NC-NS

134.30

Yes

The waters with CaCl2 had significantly higher
distributions of AgNPs > 100 nm than NC-NS, which had a
much higher distribution of particles between 60 - 100 nm
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a

b

Figure 9. a) Particle concentrations from ICP-MS at LC50 concentrations in each water at
3.5 and 24 hrs. Waters are in ascending LC50 order. Letters signify statistical groupings,
however, the possible effects of AgNP batch were ignored in this two-way ANOVA. The * on
the letter for NC-NS is because of a missing replicate for 3.5 hrs. b) Particle concentration
after 3.5 and 24 hrs of exposure in experimental waters against the nominal LC50 (Table 6)
of that water.
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Discussion
Toxicity
The LC50 concentrations observed in this study, which ranged from
53.48 – 383.52 μg/L (Figure 2), are consistent with other ranges that have been reported
for citrate-capped AgNPs greater than or equal to 40 nm: Seitz et al. (2015) found 60 nm
citrate AgNPs in pH 8.0 to result in EC50s between 75 – 120 μg/L; Cui et al. (2015)
measured a mean D. magna EC50 at 44.83 μg/L for 55 nm PVP-capped AgNPs; and Conine
et al. (2017) measured LC50s for 30 – 50 nm AgNPs between 34 – 292 μg/L on wild
daphnia neonates from various boreal lakes whose water was the test media.
The NaCl and CaCl2 salt treatments both significantly reduced AgNP toxicity in this
study (Figure 3) (the Na2SO4 treatment was not able to be evaluated), and also elicited an
interaction effect (Table A1). The dissociated ions from these salts (Na+, Ca2+, and Cl-)
induce AgNP aggregation according to other studies (e.g. Huynh and Chen 2011; Baalousha
et al. 2013; Chen and Zhang 2014), which has been shown to reduce the Ag+ concentration
in solution (Zhang et al. 2011; Li and Lenhart 2012; Yue et al. 2015). Reduced Ag+ from the
particle surface decreases the toxicity of the AgNPs (Kennedy et al. 2010; Li and Lenhart
2012; Harmon et al. 2014; Groh et al. 2015; Li et al. 2015).
The dissociated ions from the salt treatments also reduce the aquatic toxicity of Ag+
to D. magna at the biotic ligand (Di Toro et al. 2001; Bielmeyer et al. 2007; Naddy et al.
2017). Factorial analysis of the BLM-predicted Ag+ LC50 in each experimental water found
that the BLM predicted all three salt treatments to significantly reduce Ag+ toxicity
(Figure 5) and also found an interaction effect between NaCl and CaCl2 (Table A2). The
rank order of AgNP LC50s observed in this study was the same as the rank order of LC50s
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that the BLM predicted should occur for Ag+ toxicity in each experimental water (when
nonsignificant differences in measured CC-NS, NC, and CC LC50s were considered)
(Table 15). The matching rank order indicates that Ag+ dissolved from the AgNP surface
may have been responsible for some component of the AgNP toxicity in this study.
However, differences between how the BLM predicted the salt treatments would affect Ag+
toxicity and what was actually observed for AgNP toxicity suggests that the BLM does not
sufficiently characterize all of the factors that affect AgNP toxicity. Specifically, the CaCl2
treatment had a larger effect on the AgNP LC50 than the NaCl treatment (Figure 3), which
was opposite what the BLM predicted would occur for just Ag+ toxicity (Figure 5).
Additionally, the NaCl and CaCl2 interaction effect observed for AgNP LC50 reduced toxicity
substantially more than the effect that the BLM predicted would occur for just Ag+ toxicity
(Figure 4). Of particular note is the ratio comparing the observed AgNP LC50 to the BLMpredicted Ag+ LC50 for each water (Table 15), which shows AgNP LC50s were not
consistent with the BLM. MHW, CC-NS, and NC each resulted in a AgNP LC50 that was
56 – 66 times the BLM-predicted Ag+ LC50, but CC, NC-NS, and NC-CC resulted in AgNP
LC50s with ratios that increased progressively higher than that. Consistent ratios suggest
that AgNP LC50 was correlated with Ag+ toxicity predicted by the BLM, therefore the
increase in ratio for the waters with higher AgNP LC50s indicates that there were AgNPspecific behaviors acting on toxicity in this study.
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Table 15. AgNP LC50 concentrations in ascending rank order alongside LC50 statistical
group, average particle concentration, corresponding BLM-predicted Ag+ LC50s, and the
ratio of the AgNP LC50 and the BLM-predicted Ag+ LC50.
Average
BLMAgNP
AgNP LC50
Particle
predicted
Ratio of
LC50
statistical
Concentration Ag+ LC50 AgNP LC50 : BLM LC50
(μg/L)
group
(particles/mL)
(μg/L)
7
1.84
x
10
MHW
53.48
a
0.81
66.02
7
2.09 x 10
CC-NS
84.20
b
1.50
56.13
7
3.35 x 10
NC
97.75
b
1.50
65.17
7
2.56 x 10
CC
118.69
b
1.34
88.57
7
6.61 x 10
NC-NS
217.16
c
1.66
130.82
7
5.82 x 10
NC-CC
383.52
d
1.87
205.09
UV-Vis
The sedimentation of AgNPs was significantly affected by the addition of the CaCl2
and NaCl salt treatments (Figure 6). DLVO theory clearly explains why CaCl2 was significant
in particle size and sedimentation analyses; increased collision success, via the masking of
the EDL from the presence of Ca2+, created larger aggregates over shorter periods of time
(Li et al. 2010; Baalousha et al. 2013; He et al. 2013; Chen and Zhang et al. 2014). This is
most clearly observable in Figures 6 and 7, which exhibit particle sedimentation in each
experimental water. AgNPs in the Ca-group waters (CC, CC-NS, NC-CC, and NC-CC-NS) were
all in a statistical group characterized by significantly lower absorbances than the waters in
the no-Ca group (MHW, NC, NS, and NC-NS) after both 8 and 15 minutes because such a
large proportion of aggregates in the Ca-group waters had already sedimented out of the
water column. In contrast, the AgNPs in the no-Ca group waters were aggregating and
sedimenting more slowly due to reduced collision success from the absence of Ca2+
masking the EDL. The absorbance readings for waters in the no-Ca group took between 30

48

min and two hrs to be statistically similar to waters in the Ca-group because more AgNPs
were still present in the water column.
In the no-Ca group, the two waters that had NaCl (NC and NC-NS) caused AgNPs to
sediment more rapidly than the other two no-Ca waters that did not have NaCl (MHW and
NS) (Figures 6, 7). DLVO theory describes how Na+ can also screen the EDL, albeit less
effectively than Ca2+ (Huynh and Chen 2011; Baalousha et al. 2013; Chen and Zhang 2014).
The presence of Cl- with the NaCl addition also provides an explanation for increased
sedimentation rates due to its ability to bridge AgNPs together into aggregates from AgCl
precipitation on the AgNP surfaces (Li et al. 2010; Ameer et al. 2014; Chambers et al. 2014).
The aggregating effects from the NaCl salt treatment could have been caused by either ion
or a combination of the effects of both.
Na2SO4 did not significantly affect any of the analyzed decay model components.
This salt treatment added the same concentration of Na+ as the NaCl treatment (Table 2)
therefore the absence of significant effects from Na2SO4 indicates that either: the added Na+
concentration was too low to have EDL screening abilities and the ion affecting particle
behavior for NaCl was entirely the Cl-, or the SO42- had a particle-stabilizing property that
counteracted the EDL screen from the concentration of Na+ added with the Na2SO4
treatment. Because the effects of the SO42- could not be determined, the differences in
effects observed from NaCl versus Na2SO4 in this study were not able to be isolated to the
specific ions in either salt.
The interaction effect that occurred between NaCl and CaCl2 on the fast
sedimentation rate (Table 12) was likely due to a compounding effect of increased Clconcentration. Baalousha et al. (2013) and He et al. (2013) both found Ca2+ to be
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50 – 63 times more efficient at AgNP aggregation than Na+, and Baalousha et al. (2013)
concluded further that, even in a NaCl:CaCl2 ratio of 50:1, the aggregating effects of Na+
were negligible in the presence of Ca2+. The ratio of Na+:Ca2+ in this study was 2:1 (Table 3).
The addition of Na+ in the presence of relatively high Ca2+ should have had no effect on
particle behaviors, therefore the interaction effects observed between NaCl and CaCl2 can
reasonably be attributed to the properties of the Cl-.

ICP-MS
The aggregating abilities of Ca2+ were also observable in the particle size
distributions from the ICP-MS. The CC and CC-NS waters revealed significantly higher
distributions of larger particle aggregates than the NC-NS water after both 3.5 and 24 hrs
(Tables B6-B7). Although Cl- has been shown to also have particle aggregating abilities (El
Badawy et al. 2010; Li et al. 2010; Baalousha et al. 2013), the NC-NS water had the same Clconcentration as the other two waters, but it was added as NaCl rather than CaCl2
(Tables 2-3). The difference in particle size distributions between these three waters can
therefore be specifically isolated to the effect of the Ca2+ from the CaCl2.
The NaCl salt treatment also significantly increased AgNP aggregate size but, as with
the UV-Vis sedimentation results, was less effective than the CaCl2 treatment. In
comparison to MHW, the NC water showed substantial aggregation across its particle size
distribution after 24 hrs (Tables 13, B2), but not after just 3.5 hrs (Tables 13, B1). The
introduction of NaCl induced aggregation, but it took time before it was observable. When
both the NaCl and CaCl2 treatments were added (forming the NC-CC water), the
distribution of large aggregates was much higher than the waters with only one of those
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salt treatments (Table B6). The 2:1 ratio of Na+ to Ca2+ concentrations in this study
(Table 2) means the Na+ should have had no effect on AgNP aggregation in the presence of
the Ca2+ (Baalousha et al. 2013; He et al. 2013). The increased aggregation observed in the
NC-CC water can therefore be attributed to the doubled Cl- concentration.
This study did not find conclusive evidence on whether or not particle concentration
had any relationship with AgNP toxicity, however most observed patterns between particle
concentration and toxicity suggest that it did not. The particle concentration range of the
MHW LC50 (53.48 μg/L) was statistically similar to the particle concentration ranges of the
CC-NS, NC, and CC waters (Figure 9a), which had LC50s 1.6 – 2.2 times higher than the
MHW LC50 (Table 15). This similarity in particle concentration at 50% mortality despite
significant differences in the LC50 concentrations expressed as mass Ag indicates that
particle aggregation and sedimentation in the waters with added salt treatments may have
been reducing the overall particle concentration in the water column and lends support to
the idea that a component of toxicity could be related to particle concentration; the same
particle concentrations appear to have elicited the same levels of toxicity. However, NC-NS
and NC-CC had LC50 particle concentration ranges that were significantly higher than the
other four waters (which would not have happened if toxicity corresponded with particle
concentration). Additionally, the significant positive correlation between particle
concentration and LC50 (Figure 9b) shows that when higher concentrations of AgNPs were
added at the start of the ICP-MS tests, higher particle concentrations were measured. This
pattern indicates that the statistical groupings of the LC50 particle concentrations for each
water were a direct result of the experimental set-up of the ICP-MS tests and how close
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LC50 concentrations were to one another rather than an indication that similar particle
concentrations were eliciting the same toxic response.

Conclusions
The aggregation and sedimentation of AgNPs in this study may have reduced AgNP
toxicity. The CaCl2 salt treatment significantly affected particle behaviors, and these
behaviors, which were not observed for the NaCl treatment, may be responsible for why
the CaCl2 treatment had a stronger effect on reducing AgNP toxicity than the NaCl
treatment. The interaction effect on particle behaviors observed between NaCl and CaCl2
may also be responsible for the exaggerated size of the NaCl and CaCl2 interaction effect
observed for AgNP toxicity, which was much higher than what the BLM predicted would
occur for just Ag+ toxicity. Reduced toxicity from particle aggregation and sedimentation
may also be responsible for the progressively increasing LC50 ratios. Particle aggregation
and sedimentation rates are affected by collision frequency, which increases at higher
particle concentrations (Piccapietra et al. 2012; Baalousha et al. 2013; He et al. 2013; Kim
et al. 2017; McGillicuddy et al. 2017). Waters that required higher concentrations of AgNPs
to overwhelm the protection of the relevant salt treatments at the biotic ligand would have
consequently been affected by increased rates of aggregation and sedimentation, which
could have reduced the AgNP toxicity even further through reduced Ag+ dissolution. These
findings ultimately support that the BLM is not able to adequately account for all of the
factors that influence toxicity when nanoparticles are present.
This study shows that the ions in current aquatic toxicity media may have large or
small effects on AgNP behavior and toxicity and that those effects may change depending
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on the other ions present in the test media. The composition of testing media should be
selected intentionally with consideration as to how individual ions may affect the results of
AgNP tests. Regardless of recipe, this study proves the critical importance of publishing
detailed water chemistry information alongside AgNP toxicity results, including the ion
composition of the testing media. Reports without this information risk their results being
misinterpreted by audiences that are unaware of the sensitive nature of AgNPs and can be
of limited use to audiences that wish to compare results against those of other studies.
The significant effects of the NaCl and CaCl2 salt treatments on the aggregation and
sedimentation behaviors of the AgNPs suggest that AgNPs transported to environments
with elevated concentrations of the dissociated ions will exhibit similar behaviors. This
study showed that these ions reduced the toxicity of the AgNPs to freshwater organisms
that inhabit the water column, however removal of the AgNPs from the water column via
the sedimentation process may instead increase AgNP exposure to benthic organisms. This
benthic exposure may be exacerbated in marine environments where ion concentrations
are much higher than in freshwater ecosystems.
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Appendix A: Factorial Analysis Tables
Final models with significant factors and interactions from factorial analyses on measured
endpoints.

Table A1: Two-factor factorial analysis on measured LC50s for AgNP toxicity
comparing NaCl and CaCl2. n = 2. All factors and the interaction were significant.

NaCl
CaCl2
NaCl:CaCl2
Residuals

Df Sum Sq Mean Sq F value Pr(>F)
1 40421
40421
31.22 0.00503 **
1 58897
58897
45.49 0.00252 **
1 25796
25796
19.92 0.01113 *
4
5179
1295

Multiple R-squared: 0.9602, Adjusted R-squared: 0.9304
F-statistic: 32.21 on 3 and 4 DF, p-value: 0.002923

Table A2: Three-factor factorial analysis on predicted LC50 for Ag+ toxicity by the
BLM.

NaCl
CaCl2
Na2SO4
NaCl:CaCl2
Residuals

Df
1
1
1
1
3

Sum Sq Mean Sq F value
Pr(>F)
0.7971 0.7971 1132.70 5.77e-05 ***
0.4541 0.4541 645.27 0.000134 ***
0.0492 0.0492
69.91 0.003587 **
0.0153 0.0153
21.74 0.018616 *
0.0021 0.0007

Multiple R-squared: 0.9984, Adjusted R-squared: 0.9963
F-statistic: 467.4 on 4 and 3 DF, p-value: 0.0001602

Table A3: Three-factor factorial analysis on the fast rate (kfast) of the modeled threephase decay rate for AgNP sedimentation measured on using UV-Vis.

NaCl
CaCl2
NaCl:CaCl2
Residuals

Df
1
1
1
4

Sum Sq Mean Sq F value Pr(>F)
0.0870 0.0870
3.541 0.13303
1.2076 1.2076 49.144 0.00218 **
0.1500 0.1500
6.103 0.06891 .
0.0983 0.0246
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--Multiple R-squared: 0.9363, Adjusted R-squared: 0.8885
F-statistic: 19.6 on 3 and 4 DF, p-value: 0.007446

Table A4: Three-factor factorial analysis on the medium rate (kmedium) of the modeled
three-phase decay rate for AgNP sedimentation measured using UV-Vis.
Df
Sum Sq Mean Sq F value Pr(>F)
NaCl
1 0.004627 0.004627
10.70 0.02218 *
CaCl2
1 0.016507 0.016507
38.17 0.00162 **
Residuals
5 0.002162 0.000432
--Multiple R-squared: 0.9072, Adjusted R-squared: 0.8701
F-statistic: 24.43 on 2 and 5 DF, p-value: 0.002625

Table A5: Three-factor factorial analysis on the slow rate (kslow) of the modeled threephase decay rate for AgNP sedimentation measured using UV-Vis.
Df
Sum Sq
Mean Sq F value Pr(>F)
CaCl2
1 6.351e-05 6.351e-05
14.23 0.00926 **
Residuals
6 2.678e-05 4.460e-06
--Multiple R-squared: 0.7034, Adjusted R-squared: 0.654
F-statistic: 14.23 on 1 and 6 DF, p-value: 0.009263

Table A6: Three-factor factorial analysis on the predicted plateau of the modeled
three-phase decay rate for AgNP sedimentation measured using UV-Vis.

NaCl
CaCl2
Na2SO4
NaCl:CaCl2
NaCl:Na2SO4
CaCl2:Na2SO4
Residuals

Df
1
1
1
1
1
1
1

Sum Sq
0.0002579
0.0001264
0.0000090
0.0000874
0.0000867
0.0003538
0.0000320

Mean Sq F value Pr(>F)
0.0002579
8.059 0.216
0.0001264
3.950 0.297
0.0000090
0.282 0.689
0.0000874
2.731 0.346
0.0000867
2.710 0.348
0.0003538 11.056 0.186
0.0000320
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Multiple R-squared: 0.9664, Adjusted R-squared: 0.765
F-statistic: 4.798 on 6 and 1 DF, p-value: 0.3359
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Appendix B: C2 contingency tables for particle size distributions by size category
measured on ICP-MS.
For tables B2-7, “Observed” indicates the averaged number of particle events in each size
category (n = 2 unless otherwise indicated). “Expected” indicates the number of particles
that would be in each size category if the size distributions were the same. “Residuals”
describes the strength and direction of the deviation between observed and expected
counts. “p-values” notes whether the difference between the waters in that size category
was significant (α = 0.05). Significant p-values are bolded.
Table B1: C2 statistic, and p-value comparing particle size distributions between MHW and
the NC water after 3.5 hrs. C2 value was nonsignificant, therefore no contingency table was
run for this test.

C2 statistic
5.07002

p-value
0.07926

Table B2: C2 contingency table comparing the number of particles distributed across three
size categories between the MHW and the NC water after 24 hrs. The waters are
significantly different in the > 100 nm category.
Observed:
MHW 24 hr
NC 24 hr
Expected:
MHW 24 hr
NC 24 hr
Residuals
MHW 24 hr
NC 24 hr
p-values:
MHW 24 hr
NC 24 hr

< 60 nm
214
193
< 60 nm
205.4
201.6
< 60 nm
0.6
-0.61
< 60 nm
0.274
0.272

60 - 100 nm
377
311.5
60 - 100 nm
347.4
341.1
60 - 100 nm
1.59
-1.6
60 - 100 nm
0.056
0.055

> 100 nm
173.5
246
> 100 nm
211.7
207.8
> 100 nm
-2.62
2.65
> 100 nm
0.004
0.004
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Table B3: C2 contingency table comparing the number of particles distributed across three
size categories of the CC water after 3.5 and 24 hrs. There was an increase in particles in
the > 100 nm category after 24 hrs and a decrease of particles in the 60 – 100 nm category.
Observed:
CC 3.5 hr
CC 24 hr
Expected:
CC 3.5 hr
CC 24 hr
Residuals
CC 3.5 hr
CC 24 hr
p-values:
CC 3.5 hr
CC 24 hr

< 60 nm
157
205.5
< 60 nm
144
218.5
< 60 nm
1.08
-0.88
< 60 nm
0.140
0.190

60 - 100 nm
349.5
427.5
60 - 100 nm
308.7
468.3
60 - 100 nm
2.32
-1.89
60 - 100 nm
0.010
0.030

> 100 nm
124
323.5
> 100 nm
177.8
269.7
> 100 nm
-4.03
3.28
> 100 nm
< 0.001
0.001

Table B4: C2 contingency table comparing the number of particles distributed across three
size categories of the CC-NS water after 3.5 and 24 hrs. There was an increase in particles
in the > 100 nm category after 24 hrs and a decrease of particles in the 60 – 100 nm
category.
Observed:
CC-NS 3.5 hr
CC-NS 24 hr
Expected:
CC-NS 3.5 hr
CC-NS 24 hr
Residuals
CC-NS 3.5 hr
CC-NS 24 hr
p-values:
CC-NS 3.5 hr
CC-NS 24 hr

< 60 nm
148.5
159.5
< 60 nm
130.2
177.8
< 60 nm
1.61
-1.38
< 60 nm
0.054
0.084

60 - 100 nm
330.5
344.5
60 - 100 nm
285.2
389.8
60 - 100 nm
2.68
-2.29
60 - 100 nm
0.004
0.011

> 100 nm
95.5
281
> 100 nm
159.1
217.4
> 100 nm
-5.04
4.31
> 100 nm
≪ 0.001
≪ 0.001
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Table B5: C2 contingency table comparing the number of particles distributed across three
size categories of the NC-NS water after 3.5 and 24 hrs. n = 1 for the 3.5 hr sample. The 24
hr samples were the only replicates where a KS-Test found a significant difference. There
was no reason to doubt the legitimacy of either sample so size categories were still
averaged. There was a significant increase in particles in the > 100 nm category after 24 hrs
but no other significant differences between the distributions.
Observed:
NC-NS 3.5 hr
NC-NS 24 hr
Expected:
NC-NS 3.5 hr
NC-NS 24 hr
Residuals
NC-NS 3.5 hr
NC-NS 24 hr
p-values:
NC-NS 3.5 hr
NC-NS 24 hr

< 60 nm
180
309.5
< 60 nm
168.6
320.9
< 60 nm
0.88
-0.64
< 60 nm
0.189
0.261

60 - 100 nm
436
780
60 - 100 nm
418.7
797.3
60 - 100 nm
0.84
-0.61
60 - 100 nm
0.199
0.27

> 100 nm
67
211
> 100 nm
95.7
182.3
> 100 nm
-2.94
2.13
> 100 nm
0.002
0.017
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Table B6: C2 contingency table comparing the number of particles distributed across three
size categories between the CC, CC-NS, NC-NS, and NC-CC waters after 3.5 hrs. For the NCCC and NC-NS waters, n = 1. The NC-NS water had significantly fewer particles in the > 100
nm category and more in the 60 – 100 nm category than any of the other waters. The NC-CC
water had significantly more particles in the > 100 nm category and fewer in the 60 – 100
nm category than any of the other waters.
Observed:
CC 3.5 hr
CC-NS 3.5 hr
NC-NS 3.5 hr
NC-CC 3.5 hr
Expected:
CC 3.5 hr
CC-NS 3.5 hr
NC-NS 3.5 hr
NC-CC 3.5 hr
Residuals
CC 3.5 hr
CC-NS 3.5 hr
NC-NS 3.5 hr
NC-CC 3.5 hr
p-values:
CC 3.5 hr
CC-NS 3.5 hr
NC-NS 3.5 hr
NC-CC 3.5 hr

< 60 nm
157
148.5
180
203
< 60 nm
164.7
150.1
178.5
195.2
< 60 nm
-0.60
-0.13
0.12
0.56
< 60 nm
0.273
0.448
0.454
0.288

60 - 100 nm
349.5
330.5
436
346
60 - 100 nm
349.8
318.8
379
414.5
60 - 100 nm
-0.02
0.66
2.93
-3.36
60 - 100 nm
0.493
0.255
0.002
< 0.001

> 100 nm
124
95.5
67
198
> 100 nm
115.9
105.6
125.6
137.4
> 100 nm
0.75
-0.99
-5.23
5.17
> 100 nm
0.227
0.162
< 0.001
< 0.001
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Table B7: C2 contingency table comparing the number of particles distributed across three
size categories between the CC, CC-NS, and NC-NS, waters after 24 hrs. The NC-NS water
had significantly fewer particles in the > 100 nm category and more in the 60 – 100 nm
category than either of the other two waters.
Observed:
CC 24 hr
CC-NS 24 hr
NC-NS 24 hr
Expected:
CC 24 hr
CC-NS 24 hr
NC-NS 24 hr
Residuals
CC 24 hr
CC-NS 24 hr
NC-NS 24 hr
p-values:
CC 24 hr
CC-NS 24 hr
NC-NS 24 hr

< 60 nm
205.5
159.5
309.5
< 60 nm
212.1
174.1
288.4
< 60 nm
-0.45
-1.10
1.24
< 60 nm
0.326
0.135
0.107

60 - 100 nm
427.5
344.5
780
60 - 100 nm
488
400.5
663.5
60 - 100 nm
-2.74
-2.8
4.52
60 - 100 nm
0.003
0.003
< 0.001

> 100 nm
323.5
281
211
> 100 nm
256.4
210.4
348.6
> 100 nm
4.19
4.86
-7.37
> 100 nm
≪ 0.001
≪ 0.001
≪ 0.001
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